The aim of this study was to validate the use of three models of fracture fixation in the assessment of technical skills. We recruited 21 subjects (six experts, seven intermediates, and eight novices) to perform three procedures: application of a dynamic compression plate on a cadaver porcine model, insertion of an unreamed tibial intramedullary nail, and application of a forearm external fixator, both on synthetic bone models. The primary outcome measures were the Objective Structural Assessment of technical skills global rating scale on video recordings of the procedures which were scored by two independent expert observers, and the hand movements of the surgeons which were analysed using the Imperial College Surgical Assessment Device. This study has validated a low-cost, high-fidelity porcine dynamic compression plate model using video rating scores for skills assessment and movement analysis. It has also demonstrated that Synbone models for the application of and intramedullary nail and an external fixator are less sensitive and should be improved for further assessment of surgical skills in trauma. The availability of valid objective tools of assessment of surgical skills allows further studies into improving methods of training.
The aim of this study was to validate the use of three models of fracture fixation in the assessment of technical skills. We recruited 21 subjects (six experts, seven intermediates, and eight novices) to perform three procedures: application of a dynamic compression plate on a cadaver porcine model, insertion of an unreamed tibial intramedullary nail, and application of a forearm external fixator, both on synthetic bone models. The primary outcome measures were the Objective Structural Assessment of technical skills global rating scale on video recordings of the procedures which were scored by two independent expert observers, and the hand movements of the surgeons which were analysed using the Imperial College Surgical Assessment Device.
The video scores were significantly different for the three groups in all three procedures (p < 0.05), with excellent inter-rater reliability (α = 0.88). The novice and intermediate groups specifically were significantly different in their performance with dynamic compression plate and intramedullary nails (p < 0.05). Movement analysis distinguished between the three groups in the dynamic compression plate model, but a ceiling effect was demonstrated in the intramedullary nail and external fixator procedures, where intermediates and experts performed to comparable standards (p > 0.6). A total of 85% (18 of 21) of the subjects found the dynamic compression model and 57% (12 of 21) found all the models acceptable tools of assessment.
This study has validated a low-cost, high-fidelity porcine dynamic compression plate model using video rating scores for skills assessment and movement analysis. It has also demonstrated that Synbone models for the application of and intramedullary nail and an external fixator are less sensitive and should be improved for further assessment of surgical skills in trauma. The availability of valid objective tools of assessment of surgical skills allows further studies into improving methods of training.
The modern surgical trainee faces the challenge of obtaining the same skills as his predecessors, but in less time.
1,2 The traditional paradigm of surgical training, incorporating increasing exposure to invasive procedures using log books to measure experience and subjective assessment by the trainer, is subjective, invalid, unreliable and prone to bias 3, 4 compared with new concepts of surgical education.
5 Surgical trainees should be assessed using objective measures on standardised procedures, and allowed to progress only when they achieve the required level of competence. This ensures that quality, not quantity, remains the key focus in orthopaedic training. Competency-based training requires standard simulations and objective measurements to be developed. Tools for surgical assessment must be valid and objective, testing the technical competence of the surgeon.
The performance-based assessment in the Orthopaedic Competence Assessment Project was validated by expert consensus, using the Delphi method.6 This study demonstrates another approach in validating assessment tools. Validity is a multi-faceted concept, with at least four subtypes that are outlined in Table  I . The ideal surgical simulation must resemble 'real' surgery, commonly referred to as face validity. It must incorporate all aspects of the topic under evaluation to be content valid, and it must measure what it was designed to assess, construct validity. It must be able to distinguish between groups based on their technical expertise.
7
Over the last two decades, methods have been developed to evaluate technical performance objectively. General surgeons have measured performance by analysis of dexterity, 'blinded' video ratings using structured rating scales, and virtual reality surgical and environment simulation. 8, 9 However, there are few validated methods available in orthopaedic surgery.
3,10,11
Kohls-Gatzoulis, Regehr and Hutchinson 12 validated a total knee replacement model using global and specific rating scales and used it to assess a method of skills transfer. Construct validity was also demonstrated in an arthroscopic virtual reality simulator. 13 However, the factors affecting the acquisition of surgical skills in trauma have only been examined in two orthopaedic studies 10,11 using global and specific rating scales of operative performance on synthetic models. The major limitation is that these models had not been previously validated.
Surgical simulations can be classified into synthetic-, animal-and computer-based. Synthetic bones have been widely used for orthopaedic training courses and have the advantage of being highly standardised. Animal models are generally cheaper and more realistic, whereas computer-based simulations are highly standardised, with an inbuilt assessment matrix and low running costs, but are currently only available for minimally-invasive procedures.
In this study we asked subjects to perform standardised simulated trauma surgery, and tested the following hypotheses: 1) that it was possible to distinguish between levels of experience based on objective assessments of performance on surgical bench models; 2) that it was better to use cadaver porcine tissue rather than synthetic bone; and 3) that these models would be considered an acceptable tool for assessment by orthopaedic surgeons.
Materials and Methods
We recruited 21 subjects for the study and divided them into three groups of experience (eight novices, seven intermediates, six experts) according to the total number of dynamic compression plate, intramedullary nail and external fixator operations they had performed as the primary surgeon. Photograph of procedure 1 (application of a dynamic compression plate) on a cadaver porcine tibia, illustrating the fidelity of the simulation.
The subjects in the novice group were senior house officers in a basic surgical rotation, familiar with the trauma procedures but with less than 40 performed. The intermediate group were specialist registrars (or equivalent) in trauma and orthopaedics, having performed over 40 trauma procedures (Fig. 1) . The expert group consisted of consultant orthopaedic surgeons who had performed at least 280 trauma procedures.
Each subject gave written consent to participate in the study and agreed to have their performance evaluated. They were then presented with standardised instruction sheets and demonstration videos which followed current AO standards for fracture fixation. They were then asked to perform the three procedures in a random order (randomised using a sealed envelope method) to abolish any learning effect. Dynamic compression plate (procedure 1). Subjects were asked to apply a dynamic compression plate to a prefractured cadaver porcine tibia. A standard technique was used to fracture the tibia from the lateral side. Part of the fibula was removed to gain access to the tibia, and an oblique fracture was created using an oscillating saw. Subjects were required to expose the fracture from the medial aspect through the soft tissues and reduce the fracture. A standard 3.5 mm fragment dynamic compression plate (Synthes Ltd, Welwyn Garden City, United Kingdom) was applied with four cortices engaged proximal and distal to the fracture. The fracture was compressed by a lag screw through the middle hole in the plate (Fig. 2) . The musculofascial layer was closed with continuous sutures, and the skin with interrupted sutures using instrument ties. Intramedullary nail (procedure 2). Subjects were asked to insert an AO unreamed tibial intramedullary nail into a pre-fractured synthetic tibia. A standard transverse fracture was produced in a Synbone 1149 tibia (Synbone AG, Malans, Switzerland) and mounted in a desk clamp. Using an antegrade approach, subjects were required to reduce the fracture, insert the guide wire along the long axis of the tibia on the anterior edge of the tibial plateau, and open the medullary canal using the cannulated cutter to make the starter hole. An 8 mm x 300 mm unreamed tibial nail was then inserted without further preparation of the synthetic bone. One proximal static locking screw was applied using the oblique aiming handle of the proximal nail jig. External fixator (procedure 3). Subjects were asked to apply a small Synthes (Synthes Ltd) external fixator to a prefractured synthetic ulna. A Synbone 9010 hand was used for the procedure, and a mid-shaft transverse fracture was created using an oscillating saw. The fracture was held reduced with the help of an assistant. Subjects were required to assemble the external fixator, reduce the fracture and insert four Schanz half-pins to span the fracture. The external fixator was then applied over the half-pins and the fracture was further reduced and compressed. Video-based scoring. A modified version of the Objective Structured Assessment of Technical Skill (OSATS) global rating scale (Table II) , developed by Martin et al, 14 was used to score the videos of the procedures. The procedures were recorded digitally, and streams were synchronised with the movement analyis data. The videos were anonymised and sent to two independent expert raters (PR, HDEA), who were senior orthopaedic surgeons specifically trained to use the OSATS scale. Each category was scored by a five-point Likert scale anchored with specific descriptions. 15 Eight categories were used for procedure 1, whereas only six categories were used for procedures 2 and 3, as no soft tissue or sutures were required. Video-based OSATS is a score of quality that has been extensively validated in skills-based research in numerous surgical specialties, and is generally considered to be the 'best method'.
16-18
The category of 'quality of final product' was assessed using digital photographs of anteroposterior, lateral and oblique views of the completed products with the soft tissues detached, which clearly demonstrated the accuracy of the fracture reduction. Movement analysis. The Imperial College Surgical Assessment Device (ICSAD) 19 was used to assess the hand movements of the subjects during their performances. Thumbsized electromagnetic coils were positioned on the backs of the subjects hands, acting as trackers. The kinematic data was then processed by software designed to filter out tremor and unintentional movements. The outcome measures were: time in seconds, total number of hand movements, and total path length travelled by the hands in metres. These parameters have been validated in previous skills-based studies involving general and laparoscopic surgery. 20, 21 Experts tend to use fewer movements to complete a procedure. Task analysis. Each procedure was broken down into key tasks for further analysis using the ICSAD movement parameters described previously. The tasks were defined using the video events as shown in Table III . Questionnaire. On completion of the procedures a questionnaire was filled in to explore the attitude of the subject to the face validity of the model, their use in training and how it should be defined. The questionnaire for each model had seven questions, scored 1 to 5 on a Likert scale. These evaluated the global realism, visual realism, properties of the bone, usefulness of the model for training and for assessment of skills, and whether the model should be used for training prior to performing surgery on patients or be part of a postgraduate examination. For the dynamic compression plate procedure, two further questions were asked on the realism of the soft tissues. Statistical methods. The data obtained were skewed by the ceiling or floor effect, 22 hence non-parametric methods were used for all statistical analyses.
The Kruskal-Wallis test was used to test for a difference between the groups. Comparisons between two groups were made using the Mann-Whitney U test. Spearman's rank correlation coefficient was used to compare the OSATS score and ICSAD parameters, and Cronbach's α coefficient was used to examine the inter-observer reliability. The Statistical Package for Social Sciences 14.0 (SPSS Inc., Chicago, Illinois) was used for all statistic calculations. Results were plotted as box plots. A p-value < 0.05 was considered statistically significant.
Results
The overall median time for the completion of procedures 1, 2 and 3 were 1950 (1256 to 5710), 500 (293 to 1086) and 390 (308 to 1131) seconds, respectively.
OSATS score. Figure 3 shows the results of the OSATS scores of all three procedures.
The p-values of the Mann-Whitney U tests comparing the two groups are shown in Table IV .
Progressively higher OSATS scores were seen as experience increased. Table IV summarises the median scores of the three procedures, which demonstrate significant differences between all three experience groups (Kruskal-Wallis test, p < 0.05 for all). Comparing two groups using the MannWhitney U test, there were significant differences between the novice and intermediate groups in procedures 1 and 2 (p < 0.05) and marginal significant difference between the intermediate and expert groups in procedure 1 (p = 0.055).
The interobserver reliability for the OSATS scores was good (Cronbach's α = 0.88). Movement analysis parameters. The number of hand movements in procedure 1 showed the greatest differentiation between the three levels of experience (KruskalWallis test, p = 0.001) (Fig. 4) . Further analysis showed that during closure of the musculofascial layer the path length of the left hand seemed to differ between the three groups (Kruskal-Wallis test, p = 0.001). There was a significant difference between the novice and intermediate groups in the total time taken to complete the whole procedure (Mann-Whitney U test, p = 0.03) and the total number of hand movements (Mann-Whitney U test, p = 0.02). In terms of the intermediate and expert groups, the total number of hand movements for the whole procedure (Mann-Whitney U test, p = 0.02) and the left hand path length for closing the musculofascial layer (MannWhitney U test, p = 0.05) were significantly different. This is summarised in Table V. In procedure 2, only the time taken to complete the whole procedure was shown to be significantly different between the groups (Kruskal-Wallis test, p = 0.05). Task analysis of the procedure revealed a difference in task 2.2 (creating an opening in the tibia using the cannulated cutter). The time taken and the number of movements required for this task showed a significant difference between the novice and the intermediate groups (Mann-Whitney U test, p ≤ 0.02), but no significant difference was found between the intermediate and the expert groups (Mann-Whitney U test, p > 0.6).
There were no significant differences between the groups using ICSAD parameters in procedure 3 (Mann-Whitney U test, p > 0.09 between novice and intermediate groups and p > 0.7 between intermediate and expert groups). Correlation between OSATS score and ICSAD parameters. Table  VI shows the results of Spearman's non-parametric correlation between the OSATS score and ICSAD parameters. There are highly significant correlations in all three procedures. Questionnaire study. Figure 5 shows the results of the question about the global realism of the models. A total of 85% (18 of 21) thought that procedure 1 was 'realistic' or 'very realistic', compared with approximately 40% (9 of 21 and 8 of 21) for procedures 2 and 3. The operative experience of the intermediate group did not correlate with the global realism scores; 85% (18 of 21) of the subjects also either 'agreed' or 'definitely agreed' that procedure 1 was useful for assessment of technical skills, whereas around 60% (13 of 21 and 12 of 21) 'agreed' or 'definitely agreed' that procedures 2 and 3 were useful assessment tools.
Discussion
This study has established construct validity for the dynamic compression plate model in its ability to discriminate between levels of experience. The synthetic models (intramedullary nail and external fixator) had poor discriminative abilities and poor construct validity. The combination of OSATS outcome measures and ICSAD outcome measures discriminated between experience levels in all three groups in the dynamic compression plate model, but in the intramedullary nail model only distinguished the novices from the intermediate group. The external fixator model did not differentiate between surgeons with different levels of experience. A ceiling effect was noted in the intramedullary nail compared with the dynamic compression plate model. 22 This observation describes the limits of the sensitivity of the assessment method, where any further increases in technical skill between the subjects cannot be detected. Technically undemanding tasks, for example knot tying, generally display the ceiling effect; in contrast, highly challenging tasks display the floor effect, where the performance of the novice and intermediate groups were equally poor. The dynamic compression plate model had several advantages. The inclusion of soft tissues made the model more 'real'. It scored highly on the outcome of face validity and also cost less than one-quarter of that of synthetic bones. However, this cost benefit was offset by the increased equipment and preparation time required.
The OSATS global score, a qualitative outcome, was more sensitive in distinguishing skill levels than movement outcomes in procedures 2 and 3, though it did have high correlations with ICSAD parameters. However, OSATS is a time-intensive outcome measure, and in the dynamic compression plate model ICSAD was a more time-efficient way to assess the subjects. The number of movements made by the surgeons' hands was automatically calculated using the ICSAD software, whereas it took two expert observers approximately 20 minutes to score each video. ICSAD metrics are also completely devoid of subjectivity, can be obtained with minimal technical training, and are easily reproducible.
An attempt was made in this study to streamline the assessment method, and to shorten the time taken by analysing individual tasks within the procedures. Certain key tasks were found to be sensitive in distinguishing skill levels, and perhaps only these need to be tested. However, careful interpretation is needed, as the content validity of these tasks may not represent the whole procedure. An expert surgeon is likely to be better both at suturing and at applying a compression plate, but this does not imply that testing suturing skills is the same as assessing those of fracture fixation. To examine this further, a separate study will Total number of movements * * Box and whisker plot of the number of movements required to complete procedure 1 (application of a dynamic compression plate) by all three groups (* denotes significance: between novice and intermediate groups; p = 0.02, between intermediate and expert groups, p = 0.02).
be needed to identify individuals who are superior in one task but inferior in the other. Careful selection of key tasks is necessary to avoid the ceiling effects. A previous study 23 showed that the fidelity of the bench models does not influence the effectiveness of their ability to train novice surgeons. However, in this study it appeared that the highest-fidelity task (dynamic compression plate) was the best assessment tool for differentiating between surgeons with different levels of experience. This may be because it was the most challenging procedure in this study. This assumption is supported by the time taken to complete each procedure. The overall median time to finish the dynamic compression plate was 1950 seconds, compared with 500 seconds and 390 seconds for the intramedullary nail and external fixator procedures, respectively.
A limitation of this study was the lack of prior power calculations, but as there were no previous validations of these particular bench models, it would be arbitrary to calculate the power of the study. It has also demonstrated the variation in the sensitivity of the outcome measures in different models. The results will provide a useful guide for power calculations for further experiments. 24 Another limitation was the low-fidelity simulation in the two synthetic bone procedures. However, it would be less feasible in terms of size and availability to try and use animal tibia and forearm models for the intramedullary nail and external fixator procedures.
There is a need for tools for objective assessment in orthopaedic surgery, and this study has validated a lowcost, high-fidelity porcine dynamic compression plate model using movement analysis and video rating score for skills assessment. It has also demonstrated that synbones are less sensitive models for intramedullary nails and external fixators. However, they may have a limited place in assessing novices in trauma surgery and their familiarity with the instruments used. Future work should be carried out to improve the fidelity and the discriminative power of these synthetic bone models, and to further validate these methods for surgical skills assessment.
